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Abstract
Objective. Neural stimulation is usually performed with fairly large platinum electrodes. 
Smaller electrodes increase the applied charge density, potentially damaging the electrode. 
Greater understanding of the charge injection mechanism is required for safe neural 
stimulation. Approach. The charge injection mechanism and charge injection capacity were 
measured by cyclic voltammetry. Electrodes were cleaned mechanically or by potential 
cycling in acidic solutions. The effective electrode area was measured by hydrogen adsorption 
or reduction of Ru(NH3)3+6 . Main results. The water window and safe potential window
were affected by changes to electrolyte, electrode size, polishing method and oxygen 
concentration. Capacitance and Faradaic current contribute to the charge injection capacity. 
Varying voltammetric scan rate (measurement time), electrode size, polishing method, 
potential window, electrolyte and oxygen concentration affected the charge injection capacity 
and ratio of oxidation to reduction charge. Hydrogen adsorption in acidic solutions provided 
an inaccurate effective electrode area. Reduction of a solution phase redox species with a 
linear or radial diffusion profile could provide an effective electrode area. The charge density 
(charge injection capacity divided by electrode area) of a platinum electrode is dependent 
on the charge injection capacity and electrode area measurement technique. By varying 
cyclic voltammetric conditions, the charge density of platinum ranged from 0.15 to 5.57 mC 
cm−2. Significance. The safe potential window, charge injection mechanism, charge injection 
capacity and charge density of platinum depends on electrolyte, size of the electrode, oxygen 
concentration and differences in electrode polishing method. The oxidation and reduction 
charge injection capacities are not equal. Careful control of a platinum electrodes surface may 
allow larger charge densities and safe use of smaller electrodes. New electrode materials and 
geometries should be tested in a consistent manner to allow comparison of potential suitability 
for neural stimulation.
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1. Introduction
Many diseases are untreatable or refractory to drug treat-
ment. This includes decreasing effectiveness of levodopa for 
the treatment of Parkinson’s disease and limited effective-
ness of anticonvulsants for epilepsy sufferers. There has been 
an increasing trend to use electrical stimulation of tissue to 
treat various disorders [1]. An electrode implanted into the 
subthalamic nucleus or the globus pallidus internus can be 
used to control rigidity, tremor and bradykinesia associated 
with Parkinson’s disease [2]. Deep brain stimulation (DBS) 
in other regions can be used to treat depression, obsessive 
compulsive disorder and Tourette syndrome [3]. Electrical 
stimulation of the spinal cord can alleviate phantom limb pain 
and other chronic pain. There have been increasing efforts to 
attach electrodes to the retina to restore vision to the blind [4]. 
Most well-known is the cochlear implant, where an electrode 
array is placed into the inner ear to provide auditory cues to 
the profoundly deaf [5]. Around 400 000 cochlear implants 
have been implanted worldwide since their development in 
the 1960s.
Electrodes used for bionic applications are typically plat-
inum or platinum–iridium embedded in a non-conductive 
carrier such as silicone. These electrode materials are highly 
conductive, hard, stiff and corrosion resistant, ensuring they 
can survive in the body for long periods. It is currently rec-
ommended that children with profound hearing loss as young 
as 6 months be given a cochlear implant to ensure proper 
development of their auditory pathway [6]. These patients 
are expected to use the same cochlear implant for 100 years, 
requiring excellent biostability and biocompatibility.
Current bionic electrode designs are relatively large com-
pared to the target cells. Charge injected from an electrode will 
then stimulate a large volume of tissue, potentially leading to 
undesirable side effects such as frequency spread in cochlear 
implants and off target stimulation in DBS. The large device 
footprint can also cause trauma during insertion and lead to a 
foreign body response with scar tissue encapsulating the elec-
trodes [7, 8]. In an effort to target more specific regions of 
tissue and reduce the foreign body response, there is a strong 
desire therefore to reduce the electrode size. However, as the 
electrode size is reduced, an equivalent amount of charge 
passing through the electrode may induce unsafe electrochem-
ical reactions, particularly oxidation and reduction of water. 
This has led to growing interest in development of novel elec-
trode materials capable of delivering high charge capacities 
[9–12], unfortunately these materials have had limited success 
in chronic human applications [13, 14].
Platinum has a complex electrode surface, capable of 
forming different crystal planes, able to be oxidised and 
adsorb various species including hydrogen. Charge can be 
transferred from a platinum electrode into solution or tissue 
via capacitance and Faradaic reactions [15]. Characterisation 
of electrochemical mechanisms at platinum electrodes is 
usually undertaken on single crystals or well defined clean 
electrode surfaces, as the structure of a platinum surface can 
have a significant impact on the rate of chemical reactions. As 
such, numerous publications report novel electrode structures 
for catalysing different reactions [16, 17]. The properties 
of these electrodes, including charge capacity, are typically 
measured in non-biological solutions. In contrast, platinum 
electrodes used in biological applications have polycrystal-
line,  non-polished surfaces. As a result, the charge injection 
mechanisms, charge injection capacity (the amount of charge 
that can be supplied from an electrode within a certain poten-
tial window) and charge density (the charge injection capacity 
divided by the electrode area) of platinum electrodes used in 
bionic applications are not well understood. Comparison of 
new electrode materials and geometries to achieve increased 
charge injection capacities and charge densities can only be 
fairly reported by using representative platinum surfaces and 
valid measurement techniques.
This article investigates the potential window, charge injec-
tion capacity, charge transfer process, effective electrode area 
and charge density of platinum electrodes for bionic applica-
tions. The impact of solution composition, oxygen concen-
tration, electrode size, electrode polishing method, potential 
window and measurement time are discussed.
2. Experimental
Hexaammineruthenium(III) chloride (Ru(NH3)6Cl3), phos-
phate buffered saline (PBS: 154 mM NaCl, 10 mM phos-
phate buffer, pH 7.4), sodium chloride, potassium chloride, 
sodium bicarbonate, calcium chloride, D-glucose (Sigma-
Aldrich), magnesium chloride hexahydrate (Scharlau), mono-
sodium phosphate (Biochemicals) and 98% sulfuric acid 
(RCI Labscan), were used as received. An artificial perilymph 
contained 125 mM NaCl, 3.5 mM KCl, 25 mM NaHCO3, 
1.2 mM MgCl2, 1.3 mM CaCl2, 0.75 mM NaH2PO4 and 5 mM 
glucose [18]. Electrodes were 2 mm, 0.6 mm or 25 µm diam-
eter platinum discs (CH Instruments) or a cochlear implant 
with 22 half band, 0.3 mm2 nominal area platinum electrodes 
(donated by Cochlear Ltd). One electrode of each type was 
tested. Disc electrodes were polished with 0.3 µm alumina 
slurry on Microcloth polishing cloth (Buehler), rinsed in 
deionised water and gently dried (Kimwipe) before use; the 
cochlear implant has not been used for in vivo studies and was 
not mechanically polished before use. Electrodes were tested 
in a 3 electrode configuration on a CHI660E potentiostat (CH 
Instruments) using a Ag/AgCl (3 M KCl) as reference elec-
trode and Pt wire as counter electrode. The electrodes were 
connected to the potentiostat via alligator clips and placed 
into a beaker of solution. Unless indicated, test solutions were 
degassed with nitrogen for at least 10 min.
3. Results
Mechanically polished electrodes typically produce voltam-
mograms in degassed 0.1 M NaCl as shown in figure  1(a). 
A potential window of 0.8 to  −0.8 V was used. There is a 
broad reduction starting at ~50 mV which is associated with 
platinum oxide reduction. Further reduction current begins at 
~  −500 mV due to hydrogen adsorption. On switching the 
scan direction, an oxidation current extends to ~  −390 mV 
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from hydrogen desorption. A broad oxidation current then 
begins at ~  −190 mV due to oxide formation. A larger oxida-
tion current then occurs from ~460 mV. The charge passed 
during the reduction sweep was 43.5 µC and the oxidation 
current from the oxidation sweep was 30.9 µC. 1.7 µC of 
reduction charge was passed during the oxidation sweep. A 
summary of all the charge injection capacity measurements is 
listed in table 1.
Varying the scan rate to 20 mV s−1 or 500 mV s−1 altered 
the background current, and the Faradaic peaks became more 
pronounced with higher scan rates (figure 1(b)). The charge 
passed during the reduction sweep decreased from 107.8 µC 
at 20 mV s−1 to 39.7 µC at 500 mV s−1 and the oxidation 
charge from the oxidation sweep changed from 48.3 µC at 
20 mV s−1 to 30.7 µC at 500 mV s−1. The amount of reduction 
charge passed during the oxidation sweep also decreased from 
17.5 µC at 20 mV s−1 to 1.0 µC at 500 mV s−1.
The effect of electrode size on mechanically polished plat-
inum was assessed (figure 2). As expected, smaller electrode 
areas decrease the current magnitude. The 600 µm diam-
eter electrode displayed a reduction peak at  −70 mV while 
the potentials associated with the other processes were very 
similar to the 2 mm diameter electrode. The 25 µm diam-
eter microelectrode reduction current began around 50 mV, 
with the reduction sweep crossing the oxidation sweep at 
~  −30 and  −150 mV. The hydrogen adsorption and desorp-
tion occurred at the same potentials as the larger electrodes, 
although the oxide formation was less pronounced. On the 
600 µm diameter electrode the charge from the reduction 
sweep was 4.44 µC, the oxidation charge was 1.92 µC and 
the amount of reduction charge on the oxidation sweep was 
0.14 µC. On the reductive sweep, the 25 µm diameter micro-
electrode passed a reductive charge below 592 mV. The total 
reductive charge from the reductive sweep was 32.0 nC. The 
total reductive charge passed over the whole voltammogram 
was 58.8 nC. On the oxidative sweep, an oxidation current 
was passed above 79 mV and the total oxidation charge was 
only 4.7 nC.
The potential limits chosen for figures 1 and 2 were defined 
by the increases in Faradaic current seen at 0.8 and  −0.8 V. 
However there are clearly other Faradaic reactions present 
within this potential window (ie. reduction processes at 50 
and  −500 mV and oxidation processes at  −390, −190 and 
460 mV). The specific choice of potential window will affect 
Figure 1. First cycle of a cyclic voltammogram in 0.1 M NaCl of a mechanically polished 2 mm diameter platinum electrode (a) at 100 mV 
s−1 (b) 20 and 500 mV s−1.
Table 1. Charge injection capacity of platinum electrodes from different measurement techniques.
Electrode diameter Polish method Solution
Scan rate 
(mV s−1)
Potential 
window (V)
Charge injection capacity (µC)
Reduction sweep
Oxidation 
sweep
2 mm Mechanical 0.1 M NaCl 100 0.8 to  −0.8 43.5 30.9
2 mm Mechanical 0.1 M NaCl 20 0.8 to  −0.8 107.8 48.3
2 mm Mechanical 0.1 M NaCl 500 0.8 to   −0.8 39.7 30.7
600 µm Mechanical 0.1 M NaCl 100 0.8 to  −0.8 4.44 1.92
25 µm Mechanical 0.1 M NaCl 100 0.8 to  −0.8 32.0  ×  10−3 4.7  ×  10−3
2 mm Mechanical 0.1 M NaCl 100 0.8 to 0.2 4.1 8.2
600 µm Mechanical PBS 100 0.8 to  −0.8 5.0 3.7
600 µm Mechanical Artificial perilymph 100 0.8 to 0.8 6.5 3.6
2 mm Mechanical Artificial perilymph 100 0.8 to  −0.8 45.3 40.3
2 mm Mechanical PBS 100 0.8 to  −0.8 72.1 51.6
2 mm Mechanical PBS with oxygen 100 0.8 to  −0.8 102.6 35.9
2 mm Acid 0.1 M NaCl 100 0.8 to  −0.8 129.5 76.7
Cochlear implant — 0.1 M NaCl 100 0.8 to  −0.8 5.9 5.8
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the total charge measured for the oxidation and reduction 
sweeps. For example, limiting the potential window between 
0.8 and 0.2 V (figure 3) removes the Faradaic current associ-
ated with hydrogen adsorption. On a 2 mm diameter electrode, 
the reduction charge from the reduction sweep was 4.1 µC and 
the oxidation charge from the oxidation sweep was 8.2 µC.
Changes to the electrolyte can affect the capacitance at the 
electrode surface. In the Helmholtz model, the charge density 
(σ) has the following relationship; 
σ =
εε0
d
V (1)
where ɛ is the dielectric constant, ɛ0 is the permittivity of free 
space, d is the double layer thickness and V is the voltage 
drop across the double layer. Changes to the electrolyte con-
centration and composition can affect the dielectric constant 
and double layer thickness. The electrolyte may also undergo 
Faradaic reactions (e.g. oxidation of Cl− to Cl2) or adsorb 
onto the electrode surface, either generating or blocking other 
Faradaic reactions. Voltammetry of mechanically polished 
platinum in PBS displayed a broader reduction current from 
~270 mV to  −430 mV compared to 0.1 M NaCl (figure 4). 
The hydrogen adsorption current was very similar between 
PBS and 0.1 M NaCl. The hydrogen desorption was signifi-
cantly larger and shifted to more positive potentials in PBS, 
extending from ~  −630 mV to  −280 mV. The oxidation cur-
rent was also larger and positively shifted in PBS compared 
to 0.1 M NaCl, which may be due to phosphate adsorption 
and its affect on oxide formation [19, 20]. At a 600 µm diam-
eter electrode in PBS, the reduction charge from the reduction 
sweep was 5.0 µC and the oxidation charge from the oxida-
tion sweep was 3.7 µC. In an artificial perilymph, the reduc-
tion current extended from ~200 mV to  −300 mV, hydrogen 
reduction began at more positive potentials, ~  −530 mV. A 
small shoulder appeared on the hydrogen desorption at  −420 
mV and oxide formation began around 140 mV. The reduction 
charge on the reduction sweep was 6.5 µC and the oxidation 
charge on the oxidation sweep was 3.6 µC.
Oxygen is a redox active species that can be irrevers-
ibly reduced at an electrode surface. A platinum electrode in 
PBS that has not been degassed with nitrogen had a larger 
Figure 2. First cycle of a cyclic voltammogram in 0.1 M NaCl at 
100 mV s−1 of mechanically polished platinum electrodes with 
0.6 mm or 25 µm diameter.
Figure 3. First cycle of a cyclic voltammogram in 0.1 M NaCl of 
a mechanically polished 2 mm diameter platinum electrode at 100 
mV s−1 over different potential windows (black—0.8 to  −0.8 V, 
grey—0.8 to  −0.2 V).
Figure 4. First cycle of a cyclic voltammogram at 100 mV s−1 with 
a mechanically polished 0.6 mm diameter platinum electrode in 0.1 
M NaCl, PBS or artificial perilymph.
Figure 5. First cycle of a cyclic voltammogram at 100 mV s−1 with 
a mechanically polished 2 mm diameter platinum electrode in PBS 
before and after degassing with nitrogen.
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reduction current with a peak at  −228 mV (figure 5). It also 
decreased the hydrogen desorption current significantly. On a 
2 mm diameter electrode in PBS, the reduction charge from 
the reduction sweep increased from 72.1 µC to 102.6 µC and 
the oxidation charge from the oxidation sweep decreased from 
51.6 µC to 35.9 µC after degassing and without degassing 
respectively.
Mechanically polishing a platinum electrode is able to 
remove some physically adsorbed contaminants, but can leave 
other contaminants, oxide functionality and a rough surface 
with crystal defects. Removal of platinum oxide and crystal 
defects can be achieved by placing the electrode into a flame. 
However the high temperatures are incompatible with the pro-
tective sheath around the commercially available electrodes 
and the silicone sheath on a cochlear implant. The electrode 
surface can also be cleaned by cycling the potential in a 0.5 
M H2SO4 solution. A mechanically polished electrode placed 
into 0.5 M H2SO4 displayed a broad reduction and oxidation 
process below 0 V. No changes occurred after 50 potential 
cycles over the hydrogen adsorption region (0.4 to  −0.2 V) 
(figure 6(a)). Extending the positive potential limit to 1.2 V 
includes the oxide formation and removal process (figure 
6(b)). On the first cycle the oxide reduction peak appears at 
490 mV, the hydrogen adsorption process is featureless from 
50 mV, the hydrogen desorption forms a peak at  −83 mV and 
oxide formation begins at ~800 mV. By the 50th cycle, the 
oxide reduction peak decreased in magnitude and shifted to 
580 mV. Three processes have become visible in the hydrogen 
adsorption region, a shoulder at ~20 mV, and small peaks 
at  −73 mV and  −153 mV. The hydrogen desorption region 
also displays three processes, shoulders at ~  −120 mV and 
~30 mV and a peak at  −60 mV. The small peak splitting 
(~10–30 mV) between the oxidation and reduction peaks is 
typical of surface confined processes. The broad oxide for-
mation process occurs at similar potentials and has increased 
slightly in magnitude.
The charge associated with the hydrogen adsorption has 
been used to determine the effective electrode area [21]. The 
voltammogram in figure 6(b) is converted to a time versus cur-
rent plot and a baseline subtraction performed over the capaci-
tance region (~100–200 mV) (figure 6(c)). Integration of the 
reduction sweep from ~50 to  −200 mV provides the charge 
associated with hydrogen adsorption. On the first cycle, the 
charge was 17.7 µC, this increased to 22.1 µC after 50 cycles.
If an acid polished 2 mm diameter platinum electrode is 
placed into 0.1 M NaCl, the voltammetry is significantly 
different to a mechanically polished electrode (figure 7). A 
reduction process begins around 370 mV, a small, sharp peak 
appears at 28 mV, a shoulder forms at ~  −260 mV and a large 
reduction peak appears at  −386 mV. On the oxidation sweep, 
Figure 6. First, second and fiftieth cycle of a mechanically polished 2 mm diameter platinum electrode in 0.5 M H2SO4 at 50 mV s−1.  
(a) The hydride adsorption region, (b) the oxygen and hydride adsorption regions. (c) Current-time plot of a voltammogram with 
background subtraction line (dash) used for determining hydride adsorption charge.
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a large peak occurs at  −317 mV with small processes present 
at  −215 mV, −145 mV and 182 mV. The reduction charge 
from the reduction sweep was 129.5 µC, the oxidation charge 
from the oxidation sweep was 76.7 µC and the reduction 
charge on the oxidation sweep was 36.2 µC. Mechanically 
polishing the electrode largely returns the electrode to its orig-
inal state, although the oxide removal process has shifted to 
more positive potentials and a small oxidation peak remains 
at  −194 mV. The reduction charge on the reduction sweep 
was 54.9 µC, the oxidation charge on the oxidation sweep 
was 19.8 µC and the reduction charge on the oxidation sweep 
was 3.0 µC.
The effective electrode area can also be determined by the 
reduction of a solution phase redox species such as Ru(NH3)3+6 . 
At fast voltammetric scan rates, diffusion of Ru(NH3)3+6  to the 
electrode surface is linear, and if the response is reversible, the 
electrode area can be determined by measuring the current of 
the one electron reduction process
Ru (NH3)
3+
6 + e
−  Ru (NH3)
3+
6
where the peak current (ip) is related to electrode area (A) by
ip = (2.69 × 105)n3/2AD1/2Cυ1/2 (2)
with n the number of electrons transferred, D is the diffusion 
coefficient (9.0  ×  10−6 cm2 s−1), C is the concentration and ν 
is the voltammetric scan rate [22]. At slow voltammetric scan 
rates, a radial diffusion profile occurs, so that the area of a disc 
electrode is related to a steady-state current (iss)
iss = 4nFDCr (3)
where F is the Faraday constant and r is the electrode radius 
[22]. On a 2 mm diameter platinum electrode, voltammetry of 
5 mM Ru(NH3)3+6  at 100 mV s
−1 produced a response typical 
of linear diffusion with a reduction peak at  −107 mV and an 
oxidation peak at  −30 mV, giving a peak splitting of 77 mV 
(figure 8(a)). The reduction peak current was 35.3 µA and the 
oxidation peak current was 32.4 µA. This gives an average 
effective area of 2.65  ×  10−2 cm2. On a 25 µm diameter micro-
electrode, a scan rate of 3 V s−1 produced reduction and oxi-
dation peaks at  −109 mV and  −25 mV (peak splitting of 84 
mV) with magnitudes of 43.6 nA and 36.6 nA. This produces 
an average linear diffusion effective area of 5.74  ×  10−6 cm2. 
At a scan rate of 10 mV s−1, a steady-state sigmoidal response 
is observed with a limiting current of 18.34 nA equating to a 
radial diffusion electroactive area of 3.5  ×  10−6 cm2 giving a 
roughness factor of 1.64 (figure 8(b)).
A cochlear implant is composed of platinum bands 
embedded in a silicone carrier. The implants are largely 
handmade, resulting in relatively large variance in electrode 
area. The silicone may also block some of the platinum sur-
face, reducing the effective area. The curved geometry of the 
platinum and the flexible, delicate structure of the array make 
mechanical polishing difficult. Cleaning in a flame is also not 
possible, leaving potential cycling in acidic solutions. While 
cochlear implants are cleaned by various washing steps, they 
are not mechanically polished or cleaned by potential cycling 
in acidic solutions prior to implantation, so measurement of 
the charge injection capacity and effective electrode area after 
these polishing steps is not representative of the electrodes’ 
performance in vivo. The voltammetry of a cochlear implant 
in degassed 0.1 M NaCl is shown in figure  9(a). A small 
shoulder on the reduction sweep begins around 0 V with a 
larger reduction current at  −210 mV. The forward and reverse 
sweeps cross-over at  −219 mV and  −620 mV. The charge 
passed on the reduction sweep was 5.9 µC, the reduction 
charge passed on the oxidation sweep was 5.8 µC and only 1.1 
µC of oxidation charge was passed on the oxidation sweep. 
The effective electrode area was measured by the addition of 
5 mM Ru(NH3)3+6 . The electrode displayed voltammetry of 
predominantly linear diffusion at all useful scan rates. At 50 
mV s−1, reduction and oxidation peaks were found at  −126 
mV and  −53 mV (73 mV peak splitting) with magnitudes of 
2.64 µA and 1.81 µA respectively (figure 9(b)). This equates 
to an average effective electrode area of 2.47  ×  10−3 cm2, 
slightly smaller than the nominal area.
4. Discussion
4.1. Potential window
Cyclic voltammetry is a simple and fast technique for mea-
suring the capacitance and Faradaic components at an 
electrode-solution interface [23]. It is routinely used for mea-
suring the charge injection capacity of electrodes for bionic 
applications. Typically, the potential is swept from a positive 
to a negative potential. The range from maximum to minimum 
potential is termed the potential window and the safe potential 
window is defined as the voltage range over which the elec-
trode, electrolyte and solvent are neither oxidised nor reduced. 
In biological systems, this potential range is largely determined 
by the oxidation and reduction of water (water window). The 
safe potential window is not an exact value; the rate of reac-
tion increases with overpotential. At small overpotentials, the 
charge associated with water oxidation and reduction is small, 
Figure 7. First cycle of a cyclic voltammogram at 100 mV 
s−1 in 0.1 M NaCl of a 2 mm diameter platinum electrode after 
mechanically polishing, acid polishing (50 cycles of cleaning in 
0.5 M H2SO4 at 50 mV s−1 from 1.2 to  −0.2 V) and acid polishing 
followed by mechanical polishing.
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and barely noticeable on a cyclic voltammogram. However, 
chronic stimulation at these potentials may still lead to sig-
nificant generation of reactive species, which may degrade the 
electrode or damage nearby tissue. This has led to a conserva-
tive estimate of the safe potential window [24].
Various factors can influence the safe potential window. 
The water window can be affected by the electrode sur-
face. Different platinum structures are catalytic to water 
breakdown, reducing the required overpotential [25]. Other 
electrode materials, such as boron doped diamond require 
larger overpotentials, significantly increasing the water 
window [26]. The electrode and components in solution can 
also undergo undesired Faradaic reactions. If this occurs 
within the water window, the safe potential window is fur-
ther diminished. Therefore, the most accurate measure of 
an electrode’s safe potential window must be obtained in 
a biologically relevant solution, not simple electrolytes 
such as 0.5 M H2SO4. PBS is one common solution used 
for biological research, but is still not a true representa-
tion of biological tissue, as it does not contain any organic 
comp onents and the buffering chemicals are different. An 
artificial perilymph has been used regularly for modelling 
cochlear implant performance, but it still lacks most organic 
species [18]. Solution composition also varies with location, 
while cochlear implant electrodes are mainly exposed to 
perilymph, there is a different chemical matrix in other 
fluids within the inner ear, cerebral spinal fluid, and tissue 
around electrodes placed into the brain or on peripheral 
nerves [27, 28]. The time after implantation and degree of 
tissue encapsulation may also affect the potential window as 
various proteins may adsorb onto the electrode surface and 
different cells and fibres may form around the implant. As 
a result, great care must be taken when defining the poten-
tial window of an electrode for bionic applications. The 
most accurate measure of the safe potential window will be 
obtained over the lifetime of the electrode in vivo.
The effect of electrolyte on the water window has been dis-
cussed previously and was very similar between 0.13 M NaCl 
and PBS but shifted to more positive potentials in H2SO4 
[29, 30]. In this work, the maximum applied potential was 
0.8 V, which is within the water window. The water window 
was similar between 0.1 M NaCl and PBS, seen to shift to 
more positive potentials in artificial perilymph (figure 4), and 
slightly reduced in 0.5 M H2SO4 (figure 6(b)). The size of 
the electrode, oxygen concentration or difference in polishing 
method did not greatly affect the water window. However var-
iation in these properties did result in larger Faradaic current 
which may reduce the safe potential window.
Figure 8. Cyclic voltammetry of 5 mM Ru(NH3)3+6  in 0.1 M NaCl (a) mechanically polished 2 mm diameter platinum electrode at 100 mV 
s−1 (b) mechanically polished 25 µm diameter platinum electrode at 10 mV s−1 or 3 V s−1.
Figure 9. Cyclic voltammetry of a non-polished cochlear implant platinum electrode (0.3 mm2 nominal area) in (a) 0.1 M NaCl at 100 mV 
s−1 and (b) 5 mM Ru(NH3)3+6  at 50 mV s
−1.
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4.2. Charge injection mechanism and charge injection 
capacity
The charge injection capacity can be calculated from a cyclic 
voltammogram by transforming the current-potential plot 
to a current-time plot and integrating over specific regions. 
Typically only the charge passed on the reduction sweep 
is reported. At an ideally polarisable electrode, the charge 
passed during a cyclic voltammogram would be completely 
attributed to capacitance. The charge passed on oxidation and 
reduction sweeps would be equivalent, and reporting of only 
one sweep direction would be sufficient for characterising an 
electrode. In practice, no electrode, especially in the complex 
tissue environment, achieves this ideal behaviour. The pres-
ence of a Faradaic reaction affects charge transfer across the 
double layer. A fully reversible Faradaic reaction may provide 
equivalent oxidation and reduction charge; however any irre-
versibility or loss of product by reaction or diffusion away 
from the electrode surface would reduce this equivalency. 
The voltammetry of a platinum electrode displays a number 
of Faradaic reactions with different reaction rates that sig-
nificantly impact the charge equivalency. This can result in 
different safe charge injection capacities for reduction and 
oxidation charge. Recent current pulsing experiments of 
platinum electrodes in H2SO4 and subcutaneous tissue also 
suggest different charge injection capacities for reduction and 
oxidation pulses, with application of high charge resulting in 
platinum dissolution [31, 32].
The charge injection capacity of platinum over the water 
window includes both the oxide and hydrogen adsorption 
regions (figure 1(a)). At a scan rate of 100 mV s−1 the charge 
passed during the reduction sweep was 43.5 µC and the oxida-
tion charge from the oxidation sweep was 30.9 µC, giving 1.4 
times more reduction than oxidation charge injection capacity. 
Decreasing the scan rate increases the diffusion layer thick-
ness and the charge injection capacity. For reactions with dif-
ferent rates, variations in scan rate (measurement times) can 
also impact on the charge injection capacity. These effects of 
measurement time may have different impacts on the oxida-
tion and reduction charge. Lowering the scan rate to 20 mV 
s−1 increased the reduction charge injection capacity to 2.2 
times greater than the oxidation charge injection capacity 
(figure 1(b)). This impact of measurement time means charac-
terisation of electrodes must be performed at multiple voltam-
metric scan rates.
The electrode area will affect the charge injection capacity 
and has been demonstrated previously with iridium oxide 
electrodes [33]. The capacitance (Cd) is proportional to the 
electrode area
Cd = εε0A/d (4)
while mass transport governs the relationship between elec-
trode area and Faradaic current (i.e. compare equations (2) and 
(3)). At a scan rate of 100 mV s−1, decreasing the electrode 
diameter to 600 µm lowered the reduction charge to 4.44 µC 
and the oxidation charge to 1.92 µC; increasing the reduction 
charge injection capacity to 2.3 times greater than the oxida-
tion charge injection capacity (figure 2). At a 25 µm diameter 
microelectrode, a reduction charge of 32.0 nC and oxidation 
charge of 4.7 nC resulted in 6.8 times greater reduction charge 
injection capacity. These changes in charge and charge equiv-
alency with electrode area can be fit with a quadratic equation. 
A diffusion layer is created in the region of the solution next to 
the electrode where concentrations are affected by the applied 
potential. The thickness of the diffusion layer is a function of 
diffusion coefficient and time, (Dt)1/2. As the diffusion layer 
thickness approaches the size of the electrode, edge effects 
become more dominant. The impact of electrode size and 
geometry on charge injection capacity prevents reporting of a 
single value for an electrode material. Careful control of safe 
charge injection will become more important as the electrode 
size is reduced. It will also vary slightly on every hand-made 
cochlear implant electrode with different effective electrode 
areas.
By reducing the potential window, charge associated with 
different Faradaic reactions can be greatly diminished. This 
can also affect the ratio of oxidation to reduction charge. 
For instance, scanning the potential only between 0.8 and 
0.2 V resulted in a 2 times greater oxidation charge injec-
tion capacity than reduction (figure 3). The definition of 
safe potential window will therefore determine the degree of 
Faradaic charge allowed and subsequently the charge injec-
tion capacity and equivalency of reduction to oxidation charge 
of an electrode.
Solution composition impacts the charge injection mech-
anism and capacity, and subsequently the ratio of oxidation to 
reduction charge. Use of PBS rather than 0.1 M NaCl slightly 
increased the reduction charge but nearly doubled the oxida-
tion charge, possibly due to phosphate adsorption, leading 
to a smaller ratio of reduction to oxidation charge injection 
capacity (figure 4). An artificial perilymph also had larger 
reduction and oxidation charges than 0.1 M NaCl. Changes 
in electrolyte composition have also been shown to affect the 
charge injection capacity of iridium oxide electrodes [34]. 
Without degassing, the higher oxygen concentration enabled 
greater oxygen reduction current, increasing the total reduc-
tion charge and decreasing the oxidation charge, resulting 
in a doubling of the reduction to oxidation charge injection 
capacity from 1.4 to 2.8 (figure 5). The oxygen tension in the 
cochlear and other body fluids is quite low, as it is mostly bound 
to haemoglobin, but it varies with atmosphere and activity 
[35, 36]. Therefore the most accurate measure of charge injec-
tion capacity and equivalency can only be obtained in a suit-
able biological solution (a degassed artificial perilymph for 
cochlear implants) or in vivo.
The structure of a platinum surface can also affect the 
charge injection mechanisms and charge injection capacity. 
On a mechanically polished electrode, the surface will be 
highly heterogeneous, rough and contain oxides and various 
impurities. Charge injection from these electrodes within the 
water window will be mostly attributed to capacitance, forma-
tion and removal of platinum oxide and adsorption and des-
orption of hydrogen. Acid polishing of platinum can remove 
many surface impurities and restructure the surface [37]. This 
can lead to an increase in effective surface area for hydrogen 
adsorption, increasing the charge injection capacity from the 
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hydrogen adsorption process in acidic solutions (figure 6(b)). 
However the charge injection capacity in 0.5 M H2SO4 is of 
little relevance to biological solutions. When this acid pol-
ished electrode is placed into 0.1 M NaCl, a significant change 
in voltammetric response is observed (figure 7). The large 
Faradaic peaks are most likely associated with adsorption 
of Cl−. Under different conditions, Cl− adsorption has been 
reported to occur synergistically with hydrogen or to block 
the hydrogen adsorption and oxide formation [20, 38, 39]. 
The charge injection mechanism from this electrode-solution 
interface is different from a mechanically polished electrode. 
The reduction charge increased from 54.9 µC to 129.5 µC (2.4 
times greater) and the oxidation charge increased from 19.8 
µC to 76.7 µC (3.9 times greater) from mechanically polished 
to acid polished. This resulted in a ratio of reduction to oxida-
tion charge injection capacity of 2.7 and 1.7 from mechan-
ical and acid polishing, respectively. While this may provide 
an avenue for optimising a platinum surface to increase the 
charge injection capacity and charge equivalency, the stability 
of nanostructured electrodes in vivo over many years of elec-
trical stimulation hasn’t been demonstrated [40].
4.3. Effective electrode area and charge density
Sufficient charge must be injected from an electrode into 
tissue to affect target cells. This is usually reported as a charge 
density. The nominal electrode area for the cochlear implant 
electrode used in this experiment was 0.3 mm2, although elec-
trode areas vary due to manufacturing variations, position on 
the array (from base to apex) and the type of electrode used, 
affecting any charge density calculations. An accurate geo-
metric area is difficult to measure on the curved electrodes 
and when thin layers of transparent silicone may be blocking 
the electrode surface.
Measurement of an effective electrode area can be achieved 
through electrochemical techniques. Voltammetry in 0.5 M 
H2SO4 is routinely used to measure hydrogen adsorption. 
A baseline is drawn on the reductive sweep over the poten-
tial range of ~100 to 200 mV to remove charge associated 
with capacitance and the remaining charge is measured from 
~  −200 to 50 mV. If the charge density of hydrogen adsorp-
tion on platinum is known, the measured charge can be used 
to calculate an effective area. On a 2 mm nominal diameter 
(0.031 cm2), mechanically cleaned electrode, the hydrogen 
adsorption charge was initially 17.7 µC, increasing to 22.1 
µC after 50 potential cycles. Assuming a hydrogen adsorp-
tion charge density of 210 µC cm−2 [41], this would give an 
effective electrode area of 0.084 cm2, increasing to 0.105 cm2 
after cleaning. The roughness factor would therefore be 2.7, 
increasing to 3.4.
There are a number of assumptions made in using the 
hydrogen adsorption method of measuring effective electrode 
area [41]. The charge associated with hydrogen adsorption 
and hydrogen evolution overlap, making definition of the cor-
rect potential window extremely difficult [42]. Other Faradaic 
reactions may also be present, such as oxygen reduction, 
which can affect the accuracy of the charge measurement. 
In subtracting the capacitance charge, a linear baseline is 
typically used; however the capacitance may not be a linear 
function of potential [43]. Measuring an accurate charge value 
can be further complicated by using modern digital potentio-
stats that use staircase voltammetry, and not analogue linear 
scan voltammetry [44]. The step height, step width, filtering 
method and measurement time can all affect the charge meas-
urement. Once a charge value has been obtained, converting 
it to an effective electrode area is usually performed with a 
hydrogen adsorption charge density of 210 µC cm−2. This 
charge density assumes one hydrogen atom adsorbs onto 
every surface platinum atom of a (1 0 0) crystal plane. While 
the electrodes used in this study were not single crystals, the 
voltammetry of the mechanically cleaned platinum is similar 
to previous reports of platinum (1 1 1), where it was suggested 
that potential cycling into the oxide region led to growth of 
platinum (1 1 0) [45]. Although this shape of voltammetry was 
later attributed to adsorption of impurities from the atmos-
phere onto Pt (1 1 1), and not a pristine Pt (1 1 1) surface [46]. 
The hydrogen adsorption density is different on each crystal 
plane, 241 µC cm−2 on the (1 1 1) plane and either 147 or 295 
µC cm−2 for the (1 1 0) plane depending on the definition of 
surface atom [41, 45]. The surface density is harder to define 
on higher index planes and polycrystalline surfaces [46]. 
These adsorption densities are also determined from pristine 
single crystal planes where the edges of the electrodes have 
been masked [46]. The presence of steps, defects, electrode 
roughness and impurities can significantly impact on the acc-
uracy of the hydrogen adsorption density.
Based on the assumptions of hydrogen adsorption on plat-
inum, the measured effective electrode area is an equivalent 
(1 0 0) platinum electrode, and can include significant error 
in the charge measurement. Therefore the effective electrode 
area may not be accurate, but does allow comparison of plat-
inum electrodes tested in an equivalent manner. More funda-
mentally, the effective electrode area is measured in a 0.5 M 
H2SO4 solution, which has little resemblance to biological 
solutions. In biological solutions, the presence of other species 
such as chloride and organic species may block the electrode, 
resulting in a different effective electrode area. Charge is also 
injected via other reaction mechanisms such as capacitance 
which may not correlate well with the hydrogen adsorption 
effective area. Furthermore, the hydrogen adsorption mech-
anism is not available on most other materials proposed for 
bionic applications, such as doped conducting polymers and 
iridium oxide, and cannot be used to determine their effective 
electrode areas. This prevents comparison of the charge den-
sity of different materials.
Oxidation or reduction of a solution phase redox species 
such as Ru(NH3)3+6  can be used to determine the effective 
electrode area used in charge transfer [22]. The method is 
robust, with Ru(NH3)3+6  being detectable on most electrode 
surfaces and in different solution compositions [47–49]. This 
allows comparison of different electrode materials in bio-
logically relevant solutions. The measured area is also more 
accurate than other techniques; not including blocked regions 
that would be included in a geometric area; and including 
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areas that enable charge transfer but may not allow hydrogen 
adsorption.
The effective area of the 2 mm nominal diameter electrode 
(0.031 cm2) measured by reduction of Ru(NH3)3+6  at fast 
scan rates was 0.027 cm2. This is significantly smaller than 
the effective electrode area measured by hydrogen adsorp-
tion. The same technique provided an effective electrode 
area of 5.74  ×  10−6 cm2 at a 25 µm diameter microelectrode 
(4.91  ×  10−6 cm2 nominal area) and 2.47  ×  10−3 cm2 on a 
cochlear implant electrode. Slow voltammetric scan rates 
could also provide a radial diffusion electroactive area of 
3.5  ×  10−6 cm2 on the 25 µm diameter microelectrode.
Various reports of the safe charge density of platinum 
and platinum–iridium range from 0.05–0.15 [50], 0.3–0.35 
[51] and 0.75 [52] mC cm−2 depending on measurement 
technique. All of these values were determined from current 
pulsing rather than cyclic voltammetry. The lowest value was 
measured on acid cleaned electrodes using a geometric area 
in various buffered saline solutions [50]. The intermediate 
value utilised an effective electrode area determined from 
hydrogen adsorption and tested with acid cleaned electrodes 
in a simulated cerebrospinal fluid [51]. And the largest value 
was measured in the same manner but included a wider range 
of Faradaic reactions [52]. The charge density measured by 
cyclic voltammetry will be greater than that of a current pulse 
intended for neural stimulation due to the longer measurement 
time [24]. The charge density of a 1.4 cm2 geometric area plat-
inum electrode measured from a reduction sweep of cyclic 
voltammetry in PBS at 20 mV s−1 was 0.55 mC cm−2 [53]. A 
value of 5.6 mC cm−2 was obtained in a model interstitial fluid 
at 50 mV s−1 of a 1105 µm2 geometric area platinum–iridium 
electrode [54].
The charge density can be determined from different 
charge and area measurements. The effective electrode area 
determined by reduction of Ru(NH3)3+6  at fast voltammetric 
scan rates is potentially the most relevant area. The charge 
density of platinum under different conditions is reported in 
table  2. Under this selection of conditions, the charge den-
sity of platinum ranged from 0.15 to 5.57 mC cm−2. Further 
variations in scan rate, potential window, electrode area, 
surface treatment and electrolyte could extend the range of 
charge density values achievable on a platinum electrode.
5. Conclusions
The electrochemical properties of platinum electrodes used 
for bionic applications have been investigated. The water 
window and safe potential window were affected to varying 
degrees by changes to electrolyte, size of the electrode, 
oxygen concentration and differences in electrode polishing 
method. The charge injection capacity had contributions 
from capacitance and Faradaic current. Changes to voltam-
metric scan rate (measurement time), electrode size, elec-
trode polishing method, potential window, electrolyte and 
oxygen concentration affected the charge injection capacity 
and the ratio of oxidation to reduction charge. The electrode 
area could be determined from different measurement tech-
niques. Hydrogen adsorption in acidic solutions can provide 
an effective electrode area which is inaccurate, but capable 
of comparing electrodes measured by the same technique. 
Reduction of a solution phase redox species could provide 
an effective electrode area determined by a linear or radial 
diffusion profile. The charge density of a platinum electrode 
is dependent on the charge injection capacity and electrode 
area measurement technique. The charge density of platinum 
measured by cyclic voltammetry ranged from 0.15 to 5.57 
mC cm−2.
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Table 2. Charge density of platinum electrodes from different measurement techniques calculated with an effective electrode area 
determined by reduction of Ru(NH3)3+6  at fast voltammetric scan rates.
Electrode diameter Polish method Solution
Scan rate 
(mV s−1)
Potential 
window (V)
Charge density (mC cm−2)a
Reduction 
sweep
Oxidation 
sweep
2 mm Mechanical 0.1 M NaCl 100 0.8 to  −0.8 1.61 1.14
2 mm Mechanical 0.1 M NaCl 20 0.8 to  −0.8 3.99 1.79
2 mm Mechanical 0.1 M NaCl 500 0.8 to  −0.8 1.47 1.14
25 µm Mechanical 0.1 M NaCl 100 0.8 to  −0.8 5.57 0.82
2 mm Mechanical 0.1 M NaCl 100 0.8 to 0.2 0.15 0.30
2 mm Mechanical PBS 100 0.8 to  −0.8 2.67 1.91
2 mm Mechanical Artificial perilymph 100 0.8 to  −0.8 1.67 1.49
2 mm Mechanical PBS with Oxygen 100 0.8 to  −0.8 3.80 1.33
2 mm Acid 0.1 M NaCl 100 0.8 to  −0.8 4.80 2.84
Cochlear implant — 0.1 M NaCl 100 0.8 to  −0.8 2.39 2.35
a Effective electrode area: 2 mm diameter  =  0.027 cm2, 25 µm diameter  =  5.74  ×  10−6 cm2, Cochlear implant  =  2.47  ×  10−3 cm2.
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